ABSTRACT Due to the low voltage and small capacity of a Li-ion battery cell, large numbers of cells are connected to construct a battery pack to satisfy the voltage and capacity requirement of the power system of an electric vehicle. Focusing on parallel and series connection mode of battery packs, the main contributions include the following. First, in order to increase the utilization rate of cells and enhance the performance of the battery pack, a method that makes the battery pack achieve their maximum initial capacity has been proposed. Second, a dynamic modeling and analysis method for the battery pack based on the equivalent circuit model has also been proposed. The results show that the battery pack in parallel and then in series has a better performance on charge/discharge capacity, efficiency, and utilization rate of cells. Third, the performance analysis and evaluation platform of the battery pack has been built, and the battery pack test results of different groups supported the conclusion of the simulation. The battery packs in parallel and then in series can achieve superior performance and greatly increase capacity and energy utilization.
I. INTRODUCTION
The dual pressures of environment and energy have led many car companies to change the route of traditional fuel vehicles and increasingly invest in the research and development of electric vehicles [1] , [2] . One of the differences between electric vehicles and fuel vehicles is the power source. Electric vehicles are usually powered by battery packs which consist of a plurality of battery cells, as the voltage and capacity of a single cell are too low to meet the requirements of the electric vehicles. For instance, a battery pack used in Tesla includes 96 modules in series, and each module is connected by 74 cells in parallel [3] . The pack used in Nissan Leaf is composed of 2 parallel strings of 96 cells in series [4] . When the battery pack is constructed, there are inevitably two key issues: the maximization of initial capacity of the battery pack and the inconsistency of cells, which significantly affect capacity and life of the pack. This paper focuses on how to maximize initial capacity and increase the capacity/energy utilization for the battery pack with inconsistent cells. It aims to select the configuration of the battery pack and to direct the distribution of battery cells in the pack.
Battery cells are connected in series or parallel, which is the basic connection method, but it is also the main reason for the deterioration of inconsistency between the cells [5] . When packs working at high temperature or high C-rate, their capacity decreases rapidly [5] - [7] . Besides, the temperature difference among cells in series pack maybe causes safety issues, such as overcharge or over-discharge and increase capacity loss of the pack [6] , [8] . When a series pack is operated at high C-rate, the difference in internal resistance and capacity will result in different terminal voltage of the cells, which can also cause overcharge or over-discharge and make each cell work in different depth of discharge. This will further increase the difference between cells and reduce the cycle life of the battery pack. Zhang et al. [9] have concluded that parallel pack is better than series pack in many respects, such as higher C-rate, longer working time, and higher discharge efficiency. Nevertheless, when the parallel pack works at a constant current, the current flowing through each cell changes with respect to changes in time and voltage [10] . This means that the state of charge (SOC) of the battery cell may be different, even though the cells have the same terminal voltage. The gradually accumulated difference of SOC will lead to a serious imbalance of current at the end of charging or discharging progresses, which will change the temperature of the cells and make cells degrade at different rates [3] , [5] , [10] - [12] . To avoid dangerous accidents, an effective way to study the performance of the battery pack is to establish a dynamic simulation model of the battery pack.
For electric vehicles, there are two configurations of battery packs, including series and parallel connection. The first configuration is a series string of modules including several cells in parallel, and the second is composed of parallel strings of several cells in series. Plett and Klein [13] called them ''parallel cell module'' (PCM) and ''series cell module'' (SCM), respectively. They compared the two packs and came to the conclusion that because all the cells in SCM will automatically balance when the pack is resting, the speed of balancing will be slow. But the modules in PCM are independent, which is beneficial for self-balance among the individual cells. Besides, since there is no complicated switching or voltage normalization circuits, the PCM tends to mitigate the inconsistency of cells and was better in terms of safety and economy. Dawoud et al. [14] discussed their effects on two kinds of pack when faults happen in a cell. If a cell became open-circuit, the entire module that includes the failing cell would be detached from SCM and the remaining modules would work at a higher C-rate to accelerate the aging of the pack. However, in PCM, only cells in the module with the faulty cell would be affected. If a cell became short-circuit, the faulty cell in PCM and all cells in the faulty module in SCM would operate at large current, which might cause accidents such as thermal runaway. To reduce costs, extend the cycle life of the pack, and allow the pack to continue to function after a certain failure of cells, Liu et al. [15] analyzed the impact of redundant cells on battery pack performance. They drew the conclusion that the reliability of PCM was higher than SCM. As for initial capacity, Baronti et al. [16] used Gaussian distributions of three different standard deviations to randomly generate the capacity of each cell and then to construct PCM, SCM, and so on. The results showed that the PCM could provide higher average initial capacity and the distribution of capacities for PCM was more stable than those for SCM. However, the basic unit to construct the PCM or SCM is a module including four cells in series instead of a single cell. And the higher average initial capacity of PCM cannot prove that the capacity of PCM is always larger than the capacity of SCM when the cells are arranged in different positions. Miyatake et al. [17] used several cells of the same type with similar performance and one cell of other types to construct PCM and SCM at fully charged status. The packs were all discharged by a constant current until any cell reduces to their cut-off voltage, and the experiments showed that the discharge capacity of PCM was higher than that of SCM. Besides, a mathematical model that could estimate discharge capacity of SCM was deduced and the feasibility of model was proved by experimental results. However, the impact of different positions of cells on the performance of packs is not considered, when characteristics of all cells are different. In addition, to the best of our knowledge, no researcher has specified how to arrange cells so that the two types of packs can achieve optimal performance. This paper focuses on comparing the performance of PCM and SCM based on the changing position of cells and studying how to increase the capacity/energy utilization of the battery pack. The main contributions include: (1) A method that makes the packs acquire the maximum initial capacity is proposed. (2) Models of the packs are derived based on the equivalent circuit model. Performances of the packs such as charge/discharge capacity, efficiency, and utilization rate of cells are compared by the model, and the results show that PCM is better than SCM in those performances. (3) A platform for verifying the correctness of the model is established, indicating that the model can successfully simulate the performance of actual battery pack.
This paper is organized as follows. Section II introduces the cell model and then provides the PCM model and the SCM model. Section III compares the relationship of initial capacity between PCM and SCM, and proposes a method to make all the packs reach their maximum initial capacity. Moreover, other performance of the packs is also compared by the simulation models. Section IV verifies the accuracy of the simulation models by experimental results and shows that the performance of PCM is better than SCM. Conclusions are drawn in Section V.
II. MODELING A. SINGLE CELL MODEL
With the tradeoff between model accuracy and simulation calculations, the equivalent circuit model shown in Fig. 1 is used for single battery cell [1] . The U ocv represents the open circuit voltage. Both of the R ch and R dch denote the ohmic resistance. R ch is the charging ohmic resistance and R dch is the discharging ohmic resistance. R p and C p describe the polarization influence of the battery. These internal parameters are usually not directly measurable and highly depend on SOC and temperature [18] . Besides, U 0 is the terminal voltage and I 0 represents the current flowing through the model. The equivalent circuit model can be expressed by Eq. (1)
where U p is the polarization voltage and U R is the voltage caused by ohmic resistance. The Eq. (1) can be discretized as follows:
where
and τ is the time constant; t = 1s, which is the sampling interval. U R (k) can be written as:
To increase the accuracy of the model and make SOC available as part of the model state, U OCV (k) is described by Eq. (4).
where a i (i = 0, 1, . . . 7) are eight constants and are the polynomial coefficients. SOC(k) can be calculated by Eq. (5) [19] , [20] 
where C cell is capacity of the cell.
B. BATTERY PACK MODEL
There are (m × n)! kinds of different ways to arrange m × n battery cells. To reduce the computational effort and highlight the impact of position of the cell on performance of the battery pack, we select PCM and SCM shown as Fig. 2 and 
1) INITIAL CAPACITY MODEL
The initial capacity of the battery cell includes available charge capacity and available discharge capacity. When cells are connected in series, the initial capacity of the pack equals to the sum of the minimum available charge capacity and the minimum available discharge capacity in the cells. When cells are connected in parallel, the initial capacity of the pack equals to the sum of the available charge capacities and the discharge capacities of all the cells [19] , [21] , [22] . Initial capacity and initial SOC of Parallel n module in 2P4S can be described as follows.
where the C Paralleln is the initial capacity of the Parallel n module, and C Pmn (0) is the initial capacity of the cell at Pmn. SOC Paralleln (0) is the initial SOC of the Parallel n module, and SOC Pmn (0) is the initial SOC of cell at Pmn. Initial capacity and initial SOC of 2P4S can be expressed as:
where C 2P4S (0) is the initial capacity of 2P4S, and SOC 2P4S (0) is the initial SOC of 2P4S. Initial capacity and initial SOC of Series m module can be calculated by Eq. (10) and Eq. (11) .
where the C Seriesm (0) is the initial capacity of the Series m module, and SOC Seriesm (0) is the initial SOC of the Series m module. Initial capacity and initial SOC of 4S2P can be expressed as follows.
where C 4S2P (0) is the initial capacity of 4S2P, and SOC 4S2P (0) is the initial SOC of 4S2P.
2) CHARGE/DISCHARGE MODEL
There are three main methods of simulating the battery pack in literatures. The first method is to establish the cell model and build the pack model by assembling cell models in series and in parallel. The second method is to simplify the parameters included in each cell model in the series/parallel pack so that the pack model is similar to a cell model. The third method is to directly create a series/parallel battery pack model to capture the overall characteristics of the pack [16] , [20] . Because the last two methods ignore the influence of inconsistent cells at different positions on the performance of the pack, the first method is chosen for pack modeling in this work.
The charge/discharge model of Parallel n module in 2P4S is shown in Fig. 4 . Parameters of the cell model can be obtained by linear interpolation method using the SOC Pmn (k). The current flowing through each branch can be calculated by Eq. (14) . Every Parallel n module is independent of each other, so the branch currents may be different and need to be calculated, respectively. The terminal voltage of 2P4S can be expressed by Eq. (15) .
The charge/discharge model of Series m module is shown in Fig. 5 , and its parameters can also be acquired by linear interpolation method. The currents flowing through two modules can be calculated by Eq. (16) . Besides, the terminal voltage of 4S2P can be obtained by Eq. (17) .
The explanations of variables in charge/discharge model of packs are shown in TABLE 1.
III. PERFORMANCE ANALYSIS OF BATTERY PACKS A. PERFORMANCE OF INITIAL CAPACITY
Eight battery cells of NCR18650PF of Panasonic at different aging states are selected to construct 2P4S or 4S2P, respectively. The upper and lower cut-off voltage of single cell are 4.2V and 2.5V. Their rated capacity are 2.7Ah and their actual capacity at 25 • C is written as C celli (i = 1, 2, . . . , 8). Fig. 6 displays the capacities of each cell decreased in turn and the relationship is described by Eq. (18) . (18) There are 40320 (i.e. (2 × 4)!) kinds of ways to arrange the 8 cells using permutation and combination. We calculate VOLUME 7, 2019 shows the frequency of each initial capacity. For 4S2P, the capacities such as 4.7142Ah and 4.7514Ah account for 85.7% while the corresponding capacities in 2P4S account for a relatively smaller proportion. The proportion of 4.9505Ah to 5.0237Ah equals to 17.2% in 2P4S, however, the maximum capacity of 4S2P is 4.9204Ah. Therefore, the initial capacity of 2P4S has a great probability to be bigger than that of 4S2P when the cells are placed randomly in the two packs. TABLE 3 shows the comparison between initial capacity of the two packs whose cells are at the same potion. The results show that the inequation C 2P4S (0) ≥ C 4S2P (0) must be satisfied no matter how to change the position of cells, and the ratio of C 2P4S (0) > C 4S2P (0) reaches 75%.
Although there are 40320 ways to arrange the 8 cells, many ways are actually equivalent. So the numbers of non-equivalent ways that 2P4S and 4S2P can be calculated by Eq. (19) and Eq. (20) .
where C(x, y) = x!/(x-y)! (x = 8,6,4,2; y = 2,4). The 105 ways for 2P4S, which correspondingly include the 35 ways for 4S2P, will be taken as research objects in the following part. The comparison of initial capacity for the packs in the 105 non-equivalent ways is displayed in Fig. 7 . Regardless of how to change the way of arrangement, C 2P4S (0) ≥ C 4S2P (0) is always satisfied. Both two packs reach their maximum initial capacity at the first way (Way 1) and we call the capacities as C max 2P4S (0) and C max 4S2P (0), respectively. The position of cells at Way 1 is shown in TABLE 4. By analyzing TABLE 4, the C max 2P4S (0) can be achieved by equal distribution to make C Paralleln (0)(n = 1,2,3,4) approximate to the value that the sum of each capacity of cell divided by the amount of parallel modules.
where the equal sign can be used only when every capacity of cell is same. C celli (0) is the initial capacity of cell i(i = 1,2,. . . , 8) .
To obtain C max 4S2P (0), the cells should firstly be sorted into two parts in order of their capacities from small to large. Then make the smaller part as the Series 1 module and make the other part as the Series 2 module.
It is obvious that C max 2P4S (0) > C max 4S2P (0) must be satisfied, and the equation C max 2P4S (0) = C max 4S2P (0) can only be met when the initial capacity of cells are consistent.
B. PERFORMANCE OF CHARGE/DISCHARGE
The parameters of equivalent circuit model for the 8 cells that make up 2P4S or 4S2P can be identified by HPPC test data through the Genetic Algorithm. Fig. 8 shows the open-circuit voltage of each cell and also displays the ohmic resistance and polarization parameters of each cell. To verify the accuracy of the identified parameters and the cell model, the model output voltage of cell 1 under UDDS test is compared with the experimental voltage in SOC range of 1 to 0.05. The results are shown in Fig. 9 . It can be found that the cell model has high precision. However, as SOC approaches 0.05, the accuracy of the equivalent circuit model in the area of low SOC begins to decline [23] - [25] .
The original SOC of cells to construct 2P4S or 4S2P are 0.5. To avoid overcharging, the cut-off condition for charging the pack is that terminal voltage of any cell reaches 4.2V. Because the equivalent circuit model has higher error in the area of low SOC [23] - [25] , the process of discharge will stop when the terminal voltage of any cell reduces to 3.2V. Each SOC of the cell is about 0.2 at this point, which is in line with the depth of discharge of the cell actually used in electric vehicles. For 2P4S and 4S2P, the charging and discharging processes are shown in Fig. 10 , in which the charging/discharging rate is 0.5C and the discharging current is positive. 2P4S and 4S2P respectively work in the processes as Fig. 10 at the 105 non-equivalent ways, the charge/discharge capacities are shown in Fig. 11 . The charge/discharge capacities of 2P4S are always greater than those of 4S2P when two packs using the same way. Besides, both two packs can get maximum charge/discharge capacity at the Way 1. TABLE 5 shows that the mean of charge/discharge capacities of 2P4S is greater than that of 4S2P. However, the standard deviation (SD) of charge/discharge capacities of 2P4S is less than that of 4S2P, which verifies that the charge/discharge capacities of 4S2P will be more stable when there is a change in the way of arrangement.
The battery pack needs to meet the voltage requirement when it is working. Taking into account the length of the paper and to simplify the analysis process, 4 ways of arrangement are selected to compare the terminal voltage between two packs and are shown in Fig. 12 . It can be found that the terminal voltage of 2P4S is lower when charging but is higher when discharging. Due to the higher terminal voltage of 2P4S during discharging, the output power of the pack will be higher when the current is constant; the required main circuit current is smaller when the power is constant, which can prolong the working time of pack.
IV. EXPERIMENTAL VERIFICATION
A battery pack performance analysis and evaluation platform is built as shown in Fig. 13 . The platform consists of an Arbin EVTS that can charge or discharge the battery pack under the control of the host computer, and the thermal chamber can keep the ambient temperature of 2P4S or 4S2P constant. We select 3 typical ways from Fig. 7 to analyze the characteristics of two packs based on the platform. And the first typical way is displayed by TABLE 4, the initial capacities of two packs are C max 2P4S (0) = 5.0237Ah and C max 4S2P (0) = 4.9240Ah. The second way is shown in TABLE 6 and the capacities are: To fully analyze charge/discharge performance of two packs at the 3 kinds of ways, the experiment results are shown in TABLE 8, where µ represents the retention rate, which uses the capacities and experiment time at Way 1 as the standards and then the results of other two ways are divided by the corresponding standard. From Way 1 to Way 3, the comparison of µ 2P4S < µ 4S2P can reflect that the charge or discharge capacities and experiment time for 2P4S are more fluctuant than those for 4S2P when changing the position of cells in the pack. The η denotes the efficiency that can be acquired by making the second discharge capacity divided by the first charge capacity. From Way 1 to Way 3, the relationship η 2P4S > η 4S2P represents that the efficiency of 2P4S is higher than that of 4S2P. Besides, the charge/discharge capacities of 2P4S are always greater than those of 4S2P when two packs are arranged in the same way. Fig. 15 shows the terminal voltage of each pack at the three different ways. Way 1 to Way 3, the performance of terminal voltage for both two packs decrease sequentially, which shows that changing the position of cells has a significant effect on terminal voltage of the pack. Fig. 16 shows that residual capacity of each cell in the two packs gradually increases from Way 1 to Way 3. And residual capacity of cells in 2P4S are always less than that of corresponding cells in 4S2P. The position of cells that maximizes the initial capacity for 2P4S/4S2P can acquire the highest utilization rate of cells and the utilization rates of cells in 2P4S are higher than those of cells in 4S2P. 
V. CONCLUSIONS
Based on changing the position of inconsistent cells, this paper compares the performance of two connection types of battery packs. The first is that cells are firstly connected in parallel and then the parallel modules are assembled in series. The second configuration is that cells are directly connected in series and then in parallel. By comparing the initial capacities of the packs when cells are at all the ways of arrangement, we conclude that those of the first pack are more dispersed than those of the second pack. When the cells in the two packs are at the same positions, the capacity of the first pack is always higher than the capacity of the second pack.
To maximize initial capacity of the packs, a method of arranging cells is proposed. For the first pack, the capacity of each parallel module is approximate to the ratio between the sum of capacities of all cells and the number of parallel modules by equal distribution of cells. For the second pack, the cells should firstly be sorted into several parts, the number of which is equal to the number of series modules, and their capacities from small to large. Then use each part as a series of module. In addition, a dynamic modeling and analysis method for the packs based on the equivalent circuit model is also proposed. The results show that the first pack has better performance on charge/discharge capacity, efficiency, and utilization rate of cells. Both packs can obtain the optimal performance when the cells are arranged by the above method. The correctness of each dynamic analysis model of the battery pack is verified by experimental results.
